Abstract. Controllability of longer-term interest rates requires that the persistence of their deviations from the central bank's policy rate (i.e. the policy spreads) remains sufficiently low. This paper applies fractional integration techniques to assess the persistence of policy spreads of euro area money market rates along the yield curve. Independently from anticipated policy rate changes, there is strong evidence for all maturities that policy spreads exhibit long memory. We show that recent changes in the operational framework and the communication strategy of the European Central Bank (ECB) have significantly decreased the persistence of euro area policy spreads and, thus, have enhanced the ECB's influence on longer-term money market rates.
INTRODUCTION
Longer-term interest rates are essential channels for the transmission of monetary policy. A reliable link between longer-term rates and the central bank's key policy rate is therefore of crucial importance.
1 By managing the market's expectations of the future path of interest rates, central banks ensure that policy spreads, i.e. the deviations of market rates from the policy rate, are small and that their volatilities remain well contained. In this paper, we argue 1. Central banks increasingly use key policy rates or interest rate targets for the overnight rate to signal the monetary policy stance. Examples are the Fed's target for the Federal Funds Rate and the European Central Bank's minimum bid rate preannounced in its weekly main refinancing operations.
that monetary policy should also be concerned about the persistence of interest rates. This is because if policy spreads are too persistent, the lasting impact of shocks would impede the transparency of policy signals and the central bank's impact on longer-term rates. The first contribution of the paper is, therefore, to investigate the persistence of policy spreads of euro area money market rates to shed more light on the controllability of interest rates along the yield curve.
The persistence of policy spreads should also be related to the effectiveness of monetary policy. For example, unclear policy signals about future interest rate decisions should lead to larger forecast errors and more persistent policy spreads. In line with the recent literature on the relation between monetary policy and the persistence of inflation, our second contribution is to investigate whether the persistence of longer-term rates depends on the predictability and communication of monetary policy. 2 In March 2004, the European Central Bank (ECB) improved its communication strategy and its operational framework for monetary policy implementation; see European Central Bank (2004) . We will use this reform as a natural experiment to test for the influence of institutional changes on the persistence of euro area money market interest rates along the yield curve.
According to Balduzzi et al. (1998) , the persistence of US policy spreads increases with the maturity of the underlying money market rate, implying a diminishing controllability of interest rates along the yield curve. Assuming that policy spreads are integrated of order zero (I(0)), they estimate persistence by means of standard autocorrelation functions. This approach, however, can lead to biased results if the policy spread is not I(0) but exhibits long memory. In fact, Cassola (2007) and Hassler and Nautz (2008) find that even the spread between the overnight rate and the ECB's policy rate is fractionally integrated of order d % 0.25. Restricting their attention to the overnight rate, both papers suggest that the ECB's impact on interest rates might be weaker than expected.
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The paper is organized as follows. Section 2 describes the data, discusses the role of rate change expectations for the behavior of policy spreads along the money market yield curve, and introduces an expectations-adjusted policy spread based on Eonia swap rates. Section 3 briefly recalls the fractional integration approach for measuring persistence and presents first empirical results on the policy spread persistence for the whole sample period. Section 4 sheds more light on the relation between policy spread persistence and monetary policy implementation. In particular, we investigate whether the recent reform in the ECB's operational framework has influenced the persistence of policy spreads. Section 5 summarizes the main results and concludes.
POLICY SPREADS AND INTEREST RATE EXPECTATIONS

Data
Our empirical analysis is based on daily data of euro area money market rates (Euribor) with 14 different maturities ranging from one week up to 12 months. For each maturity, the corresponding policy spread is defined as the difference between the market rate and the ECB's key interest rate, i.e. the minimum bid rate of the main refinancing operations (MROs). The sample starts on 27 June 2000, when the minimum bid rate was introduced, and it ends on 30 July 2007. Our sample does not include interest data affected by the liquidity crisis starting in early August 2007. Since then, policy spreads between the unsecured Euribor rates and the minimum bid rate have widened dramatically due to sharply increased liquidity risk. Empirical models of the European overnight rate (Eonia) have to account for marked calendar effects, including the large peaks and troughs at the end of the reserve maintenance period; see, for example, Nautz and Offermanns (2008) . For Euribor rates, in contrast, a particular adjustment is not required since calendar effects play only a minor role for longer-term rates. Figure 1 displays exemplarily the one-month Euribor and the ECB's minimum bid rate, together with the resulting policy spread. At first sight, the Euribor follows the policy rate rather closely. However, there are also longer periods of persistent deviations where the policy spread increased steadily even though the minimum bid rate stayed constant. Some but not all of these movements in the policy spread can be explained ex post by prospective changes of the policy rate. In particular, since 2005, correctly anticipated interest rate decisions of the ECB have led repeatedly to persistent deviations of the Euribor from the current policy rate, starting exactly one month before the policy rate actually changed. In this case, persistent deviations of the market rate from the current policy rate are a direct consequence of the central bank's clear communication of the future policy stance and do not indicate a loss of the central bank's control over money market rates. In the following, we account for the effect of interest rate expectations by constructing an expectations-adjusted policy spread based on Eonia swap rates.
Interest rate expectations and OIS spreads
In the euro area, market expectations on future policy rates are reflected in the Eonia swap market, where swap contracts with all Euribor maturities are traded to speculate on and hedge against future interest rate movements. The Eonia swap market is one of the most important derivative market segments in the euro area; see, for example, Durré (2007) . The swap contract involves two parties, one paying a fixed rate (the swap rate) and one paying a variable rate (the average Eonia over the maturity of the swap). Therefore, Eonia swap rates, OIS t (k), are natural proxy variables for market expectations in the period t of the average Eonia ð1=kÞ P kÀ1 i¼0 E t r tþi h i and, thereby, of the average policy rate over the swap's duration (k):
More precisely, the swap rate can be interpreted as the average short-term rate that the market expects to prevail for the next k days in the absence of risk and liquidity considerations. All deviations of the Euribor rate from the current policy rate which are due to anticipated future policy rate changes must be revealed in the swap rate. Therefore, subtracting the swap rate OIS t (k) from the corresponding Euribor r t (k) leads to the OISspread, which can be interpreted as the expectations-adjusted policy spread:
OISspread t ðkÞ ¼ r t ðkÞ À OIS t ðkÞ: ð2Þ
If the policy rate r * t is expected to be constant over the swap's maturity (k), OIS t (k) will be very close to r * t and OISspread t (k) will coincide with the unadjusted policy spread r t ðkÞ À r * t . According to Taylor and Williams (2009) Similar to the findings of Balduzzi et al. (1998) obtained for US data, the mean and standard deviation of unadjusted policy spreads in the euro area increase almost linearly with the maturity of the money market rate. 4 At first sight, this indicates that the influence of the central bank on interest rates weakens with their maturity. However, the corresponding OIS spreads reveal that this is not necessarily true. For all maturities, expectations-adjustment has not only significantly decreased the mean and the standard deviation of policy spreads. Both, mean and standard deviation of OIS spreads remain also nearly constant along the yield curve.
Unit root tests
Stationarity and persistence of interest rates is usually examined by means of standard unit root tests, as the ADF test, where the null hypothesis 'the interest rate is I(1)' is tested against the alternative that it is I(0). Alternatively, KPSS tests can be used where null and alternative hypotheses are reversed. We applied both types of tests to our set of 14 OIS spreads. According to Table 1 , the ADF tests uniformly suggest that policy spreads are I(0); this hypothesis is strongly rejected by the KPSS tests for most maturities. Apparently, modeling the persistence of European policy spreads in the I(0)/I(1) dichotomy is too restrictive. In the remainder of the paper, we therefore allow for a fractional order of integration 0 d 1 as a more general measure for the persistence of a time series.
The empirical literature on overnight rate dynamics typically assumes that the corresponding policy spread is I(0); see, for example, Nautz and Offermanns (2007) and Pérez Quiró s and Rodríguez Mendizábal (2006) . For the euro area, this assumption has been challenged by recent empirical evidence. Cassola (2007) as well as Hassler and Nautz (2008) found the Eonia spread, i.e. the ECB's policy spread with respect to the overnight rate, to be fractionally integrated with d % 0.25. Similar results are obtained for various euro area interest rates of one week maturity; see Cassola and Morana (2008) . Following this line of research, we apply fractional integration techniques to estimate the persistence of policy spreads along the money market yield curve. Before doing so, let us briefly recall the distinguishing features of fractionally integrated, long memory processes. 
FRACTIONAL INTEGRATION AND THE PERSISTENCE OF POLICY SPREADS
Fractional integration
A fractionally integrated process y t is defined as
where y t is a purely stochastic process without deterministic components, L is the lag operator and the fractional differences (1 À L) d are given by binomial expansion. If x t is a stationary and invertible ARMA process, then y t is fractionally integrated of order d. It is stationary as long as do0.5 and it displays long memory for d40. Long memory implies a form of serial dependence and persistence that cannot be captured by traditional ARMA processes; see Baillie (1996) . Specifically, for large lags h, the autocorrelation function r y (h) of a fractionally integrated process is given by r y ðhÞ $ rh 2dÀ1 It follows that r y (h) ! 0 as long as do0.5. However, for d40 the rate of convergence is so slow that the serial correlation coefficients are not summable because of their extremely low decay.
The order of integration d determines the persistence of y t . This can be shown by inverting (1 À L) d and expanding the ARMA polynomials to obtain the Wold representation in terms of shocks e t (with impulse response function c j ):
c j e tÀj with c j $ cj dÀ1
For 0.5 do1, y t is non-stationary but, in contrast to a random walk, still mean reverting because the impact of past shocks dies out: c j ! 0. For 0odo0.5, y t is stationary but still exhibits long memory, since shocks die out so slowly that the impulse response function is not summable. Using fractional integration techniques to assess the persistence of policy spreads avoids the rigorous distinction between I(0) and I(1) processes and allows for substantially lower decays in the autocorrelation functions. Modeling policy spreads as I(0) variables when the true data-generating process does exhibit long memory may give rise to misleading conclusions regarding its persistence; see Sun (2006) .
Estimating the order of fractional integration
The order of integration of y t is determined by semiparametric techniques where d is estimated without specifying or estimating any ARMA components in x t ; see Robinson (1995) , the local Whittle estimator has the advantage of being more efficient and more robust than, for example, the log-periodogram estimator introduced by Geweke and Porter-Hudak (1983) . It remains consistent for d close to 1 and is distributed asymptotically normal for do0.75; see Velasco (1999) .
There is an ongoing debate about how to estimate long memory models; see, for example, Baillie and Kapetanios (2008) and Davidson and Sibbertsen (2009) . It is therefore worth noting that our main findings seem to be robust with respect to the choice of the semiparametric estimator. In particular, very similar results are obtained for the log-periodogram estimator by Geweke and PorterHudak (1983) and the exact local Whittle estimator by Shimotsu and Phillips (2005) . The results are also stable with regard to the choice of the bandwidth m. Table 2 shows the estimated order of fractional integration for the unadjusted policy spread and the corresponding OIS spread. For all maturities, there is overwhelming evidence that policy spreads exhibit long memory ð b d > 0Þ; see column 1. Adjusting for rate change expectations significantly reduces the persistence of policy spreads. In contrast to the results obtained for unadjusted policy spreads, tests on the order of fractional integration do not reject the stationarity of OIS spreads; see column 2. This indicates that anticipated future policy rate changes drive the order of fractional integration of unadjusted policy spreads artificially above 0.5.
The persistence of policy spreads
Sensitivity analysis: long memory vs. structural break
The current study assesses the controllability of longer-term money market rates by their long-run persistence. It is therefore of crucial importance to ensure that our results regarding the long memory of OIS spreads are not driven by some other nonlinearities.
In our application, the most plausible candidate of a non-linearity that could have artificially increased the estimated order of integration of OIS spreads are (neglected) shifts in the mean of the time series. Column 3 of Table 2 shows the results from the modified Local Whittle estimator proposed by Hidalgo and Robinson (1996) , which controls for a single shift in the mean. As expected, the modified estimates of d are smaller than those obtained under the assumption of a constant mean; compare column 2. Yet the differences are negligible in most cases. In fact, according to the test U. Busch and D. Nautz 
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proposed by Hidalgo and Robinson (1996) , the estimated mean shifts are typically not significant.
5 Therefore, the evidence in favor of long memory is very robust to the possibility of a mean shift in the time series. Notes: Sample 27 June 2000-30 July 2007. Policy spread (r(k)-(r * )) between Euribor (r(k)) with maturity k and minimum bid rate (r * ). OIS Spread (r(k) À OIS(k)) between Euribor and corresponding Eonia swap rate. OIS spread with mean shift estimated according to Hsu (2005) . The bandwidth m is chosen according to Baillie and Kapetanios (2007a) and Henry (2001) . Standard errors (in brackets) indicate that for OIS spreads (with or without mean shift) H 0 : d 0.5 cannot be rejected in favor of H 1 : d40.5 at any conventional significance level.
5. We do not present these test results for the sake of brevity. Note that tests allowing for more than one break in the mean would lead to similar results. We thank Uwe Hassler and Maya There is no other natural candidate or theoretical prediction regarding a particular form of non-linearity in the OIS spread series. Detecting some general form of non-linearity is well beyond the scope of this paper; see, for example, Kuswanto and Sibbertsen (2007) . Still, it is worth emphasizing that the Local Whittle estimator applied in this study seems particularly robust to various types of non-linearity; see Baillie and Kapetanios (2007b) .
MONETARY POLICY IMPLEMENTATION AND THE PERSISTENCE OF POLICY SPREADS
In March 2004, the ECB changed its operational framework to enhance the communication and the effectiveness of monetary policy. Under the new framework, the maturity of the MRO had been reduced from two weeks to one week and an alignment of the reserve maintenance periods, MROs and interest rate decisions has eliminated the disturbing impact of anticipated policy rate changes on current money market rates. Moreover, the ECB has improved its communication to the market by providing more detailed information on its liquidity management (European Central Bank, 2004, p. 82) .
A number of contributions have analyzed the consequences of these institutional changes for the overnight rate. For example, Nautz and Offermanns (2008) show that the volatility of the overnight rate has been reduced significantly under the new framework. Colarossi and Zaghini (2007) find that the ECB's reform even has affected the transmission of overnight rate volatility to longer-term rates. Focusing on the persistence of policy spreads, we investigate the consequences of the ECB's new operational framework from a different perspective. If the persistence of policy spreads can be related to the controllability of interest rates, the improved efficiency of the new framework should have helped to decrease the persistence of OIS spreads.
To investigate the impact of the ECB's new operational framework on the persistence of OIS spreads, we estimate the order of fractional integration for the periods before and after March 2004 separately. Table 3 shows that the persistence of OIS spreads is strongly affected by the ECB's operational framework and the communication strategy. As expected, the estimated order of integration seems to be reduced under the new framework. Under the old framework, the order of integration of policy spreads with longer maturities remains close to d 5 0.5. In particular, non-stationarity (d ! 0.5) cannot be rejected for most maturities. In contrast, under the new framework, policy spreads still exhibit long memory (d40) but non-stationarity (d ! 0.5) can be rejected in most cases. An explicit test for a change in the order of fractional integration is provided by, for example, Sibbertsen and Kruse (2009) .
The results obtained from the fractional integration analysis confirm the notion that the communication of monetary policy has substantially improved under the new framework. The lower persistence of policy spreads reveals that the controllability of longer-term money market interest rates was enhanced considerably under the ECB's new operational framework. 
CONCLUDING REMARKS
The ability of a central bank to influence longer-term money market rates by managing market expectations about the future interest rate path is of crucial importance if monetary policy is to be effective. So far, the controllability of market rates has typically been assessed by the mean and the volatility of policy spreads defined as the deviation of the market rate from the central bank's key policy rate. Advancing on, for example, Balduzzi et al. (1998) and Hassler and Nautz (2008) , this paper argued that the central bank's control over longer-term rates should also be reflected in the persistence of policy spreads along the yield curve. If policy spreads are highly persistent, the lasting impact of shocks may impede the transparency of policy signals and, thus, the central bank's impact on longer-term rates. We employed fractional integration techniques to estimate the persistence of policy spreads corresponding to Euribor rates with maturities ranging from one week to 12 month. For each maturity, we found that euro area policy spreads exhibit long memory (d40). This result is confirmed for expectationsadjusted policy spreads (OIS spreads), where the effects of anticipated policy rate changes have been accounted for. Although stationarity (d 0.5) of expectations-adjusted policy spreads cannot be rejected even for longer maturities, the strong evidence in favor of long memory suggests that the ECB's control of longer-term money market rates might be weaker than expected.
The ECB's new operational framework, introduced in March 2004, allowed us to shed more light on the link between the persistence of policy spreads and the transparency and predictability of monetary policy. Our results indicate that the persistence of policy spreads has significantly declined under the new framework. In particular, the non-stationarity of policy spreads (d ! 0.5) can only be rejected after the ECB's policy reform. Apparently, by decreasing the persistence of policy spreads along the yield curve, the improved operational framework has increased the central bank's impact on longer-term money market interest rates.
Before the recent financial turmoil, OIS spreads were typically small and controllability and persistence of longer-term money market rates seemed not to be of great concern. Since then, however, OIS spreads have increased to record levels of more than 100 basis points. In line with the predictions of our empirical analysis, OIS spreads have been very persistent during the turmoil and central banks have experienced great difficulties in bringing OIS spreads back to normal size; see, for example, Taylor and Williams (2009) .
